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1. InTRODUCTIO!

The method of Tiselius electrophoresis as applied to protein systems can
yield a variety of information. The quantities measured experimentally are
the areas under the boundaries formed during migration, the displacements
of the boundaries, the shapes of the boundaries and their degree of spread-
ing. From these measurements, it should be possible to obtain information
on the zeta potential and charge of a protein molecule, the degree of
homogeneity of a protein, the composition of a mixture of proteins, the
effect of various reagents and treatments on the protein and the nature and




degree of interaction of thé proteins with themselves, with other proteins,
and with ions or small molecules present in the solution. In previous
chapters, a thorough theoretical treatment of these various topics has been
presented. It is the purpose of this chapter to show by examples how some
of these theories may be applied to actual systems and how an electro-
phoretic pattern may be properly interpreted. First we will treat the rela-
tion of mobility to the charge in the protein molecule and to its surrounding
medium. Then, various types of heterogeneity will be treated, and finally
the problems of interaction and modification of the molecule will be
presented.

II. ErrFect oF BUFFERS ON ELECTROPHORESIS

A. Relatidn between Charge and Mobility

In general, there has been little activity in the use of Tiselius electro-
phoresis for the determination of zeta potentials and electric charges carried
by proteins. One of the reasons for this apparent lack of interest is that the
interpretation of electrophoretic mobilities in terms of charge is somewhat
equivocal. There are some difficulties in the theoretical treatment, as
shown by Overbeek in Chapter 1 of this monograph. Two excellent reviews
of the theory of electrophoretic migration of colloids are available; one is
in the book by Abramson|et al. (1); the other is in a recent chapter by
Overbeek (2). Only the results of the theory will be presented here, the
reader being referred to Chapter 1 in this volume and the two reviews for a
detailed treatment. '

The relation between |mobility, u, in cm.2/volt-sec., and the zeta
potential, {, as developed by Smoluchowski (3), Debye and Hiickel (4),
Hiickel (5), and Henry (6)| for a spherical particle of radius a is
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where D is the dielectric constant, 7 is the viscosity of the liquid, 1/« is
the thickness of the Debye-Hiickel ion atmosphere
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k is Boltzmann’s constant,| T the absolute temperature, e the elementary



charge, 2, the valence of the ions of species|i, and n; their number per cubic

centimeter.

The function f(xa) approaches § for | spheres which are large when
compared to the thickness of the double layer and 1 for very small spheres.
Values of this function have been tabulated by Henry (6) [see also (1)]

as a function of the ionic strength.

Henry’s equation neglects the distortion of the double layer by relax-
ation effects. Overbeek (2) has shown that the correction for this effect
is largest for intermediate values of xa, in the region of greatest interest

for the protein chemist, i.e. for particles
1 and values of k between 10° and 1075. A
is available in Overbeek’s articles.

The theory of ionic atmospheres (7)
potential in terms of the total charge, Q,
count the finite radius, a;, (8) of the ions i
-obtains
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Little experimental work has been d
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1stant.
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orth has determined the mobil-

ities of ovalbumin over the pH range of 1,8-12.8 at 0.1 ionic strength (9)
and pH 3.1-11.7 at 0.01 ionic strength (10). A comparison of his data at
0.1 ionic strength with titration data of Cannan et al. (11) is given in
Fig. 1. In this figure, the number of equiyalents of acid bound per gram
of protein are plotted as ordinates on the left-hand side, the scale being
shifted vertically so that the point of zero binding coincides with the
electrophoretic isoelectric point of ovalbumin at 0.1 ionic strength, i.e.



pH 4.58. The mobilities are indicated by the circles, using the right-hand
ordinate scale. An excellent parallelism between the two sets of data can
be seen. When the| charge was calculated from the mobility data, using
equations (1) and (), it was found that the clectrophoretic charge values
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F1c. 1. pH-Mobility and titration curves of ovalbumin in 0.1 ionic strength (9).
The mobilities are indicated by the circles, the curve represents the properly normalized
titration curve.

were only 60% of the titration charge over the entire pH range. Correction
for the relaxation effects amounts to only 5%, (2), while assumption of a
cylindrical shape for the protein molecule increases the charge by 209, (1).
Thus, a significant|lack of quantitative agreement still exists.

A comparison has been made by Cannan and associates (12) of their
titration data on gJactoglobulin with electrophoretic data of Pedersen (13)
at 0.2 ionic strength in the pH range between 3.2 and 8.9. In this case, the
electrophoretic charge was found to be 85% of the titration charge.
The better agreement in this case is explained by these authors as being due
to the absence in |8-lactoglobulin of the discrepancy between isoelectric
and isoionic points|found in ovalbumin.

A more recent gtudy of this nature was carried out on trypsin by Duke
and co-workers (14). Their results are presented in Fig. 2. For the sake of
convenience, these|authors chose pH 6.3 as the common point of reference
for the two curves, so that the acid-binding capacity of the isoelectric
protein is given by the sum of all the hydrogen and hydroxyl ions bound
below pH 10.8, the isoelectric point. Again there is an excellent parallelism
between the electrophoretic mobility and the acid-binding capacity of this
protein. No comparison was made, however, of the charges calculated from
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Fic. 2. Comparison of electrophoretic mobilities and dissociation curves of trypsin.
Solid line: dissociation curve; points: electrophoretic mobilities in various buffers, ionic
strength 0.13 (14). X, NaCI-HCl; A, NaAc-HCl; [J, CaClr-barbiturate; O, MgCls-
barbiturate; ¥V, CaCly-glycine; ¢, CaCl-NH,CL

the two sets of data. The discrepancy between mobility and acid-binding
capacity of some points measured in|the presence of calcium ions may be
attributed to the binding of these ions by the enzyme (14).

Velick (15) has used equation (5) tio calculate the net charge of aldolase
from the observed mobility in phosphate and acetate buffers of various
ionic strengths. From these data he evaluated the number of phosphate ions
bound per protein molecule and obtained good agreement with values
calculated from dialysis equilibrium [experiments. Comparison with titra-
tion data, however, resulted in a dis¢repancy that required eight times as
many bound charges as found in dialysis equilibrium in order to reconcile
the two sets of data. This discrepancy has been attributed by Velick to the
probable effects of the nonavailability of some groups and to details of the
molecular configuration.

The difference between titration|and electrophoretic charge data has
not been accounted for quantitatively. It would appear that the binding
of counterions increases as the protein acquires a net charge. The zeta
potential obtained in electrophoresis refers to the surface of shear. At
high ionic strength, part of the counterions are present within this surface
and by a steric effect diminish the electrophoretic charge, while they are
not detected by other methods, such as titration experiments.

In recent years, the theory of titration curves has been developed
considerably. A detailed treatment is given by Linderstrgm-Lang and



Nielsen in Chapter 2. The relation (16, 17) normally used to relate pH to
the dissociation properties of ionizable groups on proteins is
T

pH —lo -

= (pKint): — 0.868wZ (6)

where n; is the number of ionizable groups of type i, r: is the number of
groups of type ¢ dissociated at any pH, (pKiny): is the intrinsic dissociation
constant of group 7, and w takes into account the electrostatic interaction
between the net charge Z of the protein at any pH and the dissociating

hydrogen ions, and is equal to

e? 1 K
= 2DkT <E 14 xa) @
where e is the protonic charge, D is the dielectric constant of the solvent,
b is the radius of the spherical protein molecule, and a is the distance to
which salt ions are excluded.

In the analysis of titration curves, the binding of ions other than
hydrogen and hydroxyl|is not taken into account. Furthermore, it is
generally assumed that pll jonizable groups are distributed evenly over
the surface of the spherical molecule. Tanford (18, 19) has shown, recently,
that the dissociation properties of ionizable groups on 2 protein molecule
are quite sensitive to the location of the dissociable site with respect to the
surface of the molecule| to the distribution of the ionizable sites with
respect to one another, and to the ionic strength of the medium. Any
change in these variables either in titration or electrophoretic experiments
could result in significant variations of the net charge on the protein
molecule. 4

Thus, while some data are available to show at least a semiquantitative
relationship between charge and mobility, more work is necessary; es-
pecially desirable would be a series of studies correlating titration data with
electrophoretic mobilities at different jonic strength and with ion binding
taken into account.

" B. Effect of Ionic Strength on Mobility

The Henry equation [equation (1)] has only a small explicit dependence
on the ionic strength of| the supporting electrolyte. f(ka) approaches § at
high salt concentrations|and 1 at low concentrations. If one assumes, how-
ever, that the total charge on the protein is unaffected by the ionic strength,
the zeta potential, and consequently the electrophoretic mobility, becomes
strongly dependent on the ionic strength:

' w= Kf(ka)
(r/2)
the ionic strength, and K is a constant.

®

where T'/2 = $2n.Z. is
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The consequences of these equations|are discussed in detail by Longs-
worth (see Chapter 3). Several generalizations, however, can be made on
the basis of the above equations. There| is 2 concentration change across
the boundary of any component with |an electrophoretic mobility, and
electrophoresis does not give in general he correct analysis of a mixture.
Equation (12b) shows that the measured areas will deviate most seriously
from the correct composition for two ¢ mponents with similar mobilities.
This has been shown for hemoglobin, (27), g-lactoglobulin (28), and oval-
bumin (29), among others. In order to analyze such systems, one may have
to use calibration graphs of area distribution against known composition
(27, 28, 30) or extrapolation of observe values to zero protein concentra-
tion at constant ionic strength (31) or to zero values of the ratio of protein
concentration to ionic strength (32, 33)

Cann (29) has shown that in the case of ovalbumin the Dole theory (25)
accounts adequately for the apparent composition of the protein as a
function of concentration. (A detailed treatment of the heterogeneity of
ovalbumin is given in Section III, A) In this work the “true”’ electro-
phoretic distribution of components W, determined by extrapolation of
apparent distributions at finite concen rations to zero protein concentra-
tion at constant ionic strength. The deviations of the apparent from the
extrapolated relative concentrations of| component A, of ovalbumin when
plotted against protein concentration were found to fall on straight lines,
passing through the origin, as shown i Fig. 4. Theoretical deviations for
two ovalbumin samples were calculated using the equations of Dole and
are compared with experimental datg in Fig. 4. The author concludes
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Fig. 4. Deviation of apparent from ‘“true” electrophoretic distributions in oval-

bumin (29); sclid line, experimental devi tions; broken curve, deviations calculated
from the equation of Dole.



that the degree of agreemént obtained 1s an adequate CNECK VL wlig ruie
theory as applied to ordingry electrophoretic analyses of proteins.

Longsworth (31) has applied the theory of moving boundaries to
systems consisting of a single protein, as well as to protein mixtures, and
has shown that the net charge of ovalbumin may be calculated from the
change in buffer concentr]%?ion across the e-boundary. A detailed analysis
of this treatment is presented in Chapter 3 of this volume. Hoch (34) has
examined the problem of houndary anomalies and concluded that relative
concentrations in protein mixtures as deduced from apparent concentra-
tion changes at the boundgries are grossly erroneous when the difference in
component mobilities is small. He further concluded that examination of a
protein for homogeneity shiould be carried out at low concentrations, where
the separation of boundaries is greatest. This can be carried out best with
interference fringe optics, a procedure described in Chapter 4.

The foregoing analyses of moving boundary systems indicate that
measured mobilities and areas should be extrapolated to zero protein con-
centrations. At zero concentration there will be no conduectivity changes
across the boundaries and|the measured mobilities for all components will
be correct. From equation (11) it can be seen that the ratio of concentra-
tions across the boundary| will become unity for all components which do
not disappear across the boundary when the conductivities in the two
phases are equal. This im lies that measured areas which have been extra-
polated to zero protein co centration will be correct.

One should add a word of caution, however. Equation (11) is based
on the assumption that the relative mobilities are independent of phase.
This appears to be a goo assumption for strong electrolytes. It may be a
rather poor one for weak electrolytes such as proteins. It has not been
established yet that the analysis obtained by extrapolation to zero con-
centration is the correct gne when dealing with weak electrolytes.

It has been shown that there are conductivity changes across the
boundaries in electrophoresis. Since proteins in general bind hydrogen ions,
there will be also pH gradients across the boundaries. The net result of
these changes across the poundaries is either an increase or a decrease in
the migration velocity of| the protein across the boundaries and a conse-
quent sharpening or broadening of the boundaries. These effects are treated
in detail in Chapter 3.

Ideally the patterns |in the two limbs should be mirror images. In
practice the pH and conductivity changes across the boundaries cause
deviations from enantiography. This phenomenon is common enough, so
that the tendency is to overlook it. It should be realized, however, that
‘marked deviations from enantiography are to be avoided since they are
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One of the most complete electrpphoretic investigations of the homo-
geneity of a protein has been carried out on ovalbumin. As a result, a
thorough understanding of that system is available now. The electro-
phoretic heterogeneity of ovalbumin| has been investigated by a number of
workers (29, 35-39). Longsworth (B5) first pointed out that crystalline
ovalbumin resolved into two electrophoretic components. A similar ob-
servation was made by Tiselius and Eriksson-Quensel (36). A detailed
study of this problem (37, 38) reve led the presence of three components,
designated as A1, 4,, and A;in decréasing order of mobility on the alkaline
side of the isoelectric point. These were found to vary in relative concentra-
tion between preparations. MacPherson and associates (38) further demon-
strated that prolonged storage resul ted in the disappearance of component
A,, accompanied by a large increage in the amount of A, present in the
system. Perlmann (40-42) carried ohit a detailed study of the difference in
components of ovalbumin and of the mechanism of their interconversion.
She found that A, A,, and A; differ primarily in their phosphorus content
and have 2, 1, and 0 phosphate [residues per mole, respectively. The
mobilities of the three components et pH 6.8 in phosphate buffer of 0.1
jonic strength and their isoelectric points are given in Table 1. Such differ-

TABLE I

ELECTROPHORETIC PROPERTIES OF OVALBUMINS AND PLAKALBUMINS®

Protein A Az As P, P, Ps
Crystal form Needles Needles Needles Plates Plates Plates
Atoms phosphorus
per mole of protein 2 1 0 2 1 0
u X 10% cm.2/
sec. v.b —6.1 —-5.2 —45 -5.5 —46 -3.8
Isoelectric point at
0.1 ionic strength 4.58 4.65 4.74 4.72 48

]

& According to f’erlmann (42).
b Electrophoresis in pH 6.8 phosphat: buffer of 0.1 ionic strength.

ences in mobility and isoelectric pH have been shown to correspond to a
change in the net charge of —2 per phosphorus atom (42). Dephosphoryla-
tion of A, to A, was carried out wjth prostate phosphatase at pH 5.35 or
intestinal phosphatase at pH 9, ith the accompanying electrophoretic
changes shown in Fig. 5. Conversian of A, to A; could be carried out only
with intestinal phosphatase at pH 5.3. This difference in splitting may
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Fig. 5. Changes in electrophoretié patterns as a rdsult of dephosphorylation of
ovalbumin with prostate phosphatase as a function of time (42).

reflect a difference in the chemical binding of the two phosphate residues.

Linderstrgm-Lang and Ottesen (43, 44) have found that another
enzymatic modification of ovalbumin could be ggc')lated from protein solu-
tions that had been stored for a long time and were found to be infected
by bacteria or molds. The crystals formed by this protein were in the form
of plates rather than needles. As a result, the authors called this protein
plakalbumin. It was shown by these authors that ovalbumin incubated
with an enzyme preparation from Bacillus subtilis formed plakalbumin in
yields up to 90%.

Perlmann investigated- the electrophoretic roperties of plakalbumin
and compared them to those of ovalbumin (45, 46). The mobility of
plakalbumin was found to be more positive between pH 3 and 7 than that
of ovalbumin and its isoelectric point to be 0.14 pH unit higher. The
patterns obtained with plakalbumin showed two components P, and P,
corresponding to A; and A of ovalbumin, the phosphorus content of
plakalbumin being identical with that of ovalbumin (40, 41, 44). Treatment
of plakalbumin with prostate and intestinal phosphatase resulted in changes
paralleling those observed in ovalbumin (41, 42), component P being
obtained either from plakalbumin by treatment ith prostate phosphatase




or from A, by treatment with Bacillus subtilés enzyme. Ieg-Larsen and
associates (47) found that the|action of B. sublilis consisted in the splitting
»ff of peptides, while Ottesen and co-workers (48, 49) identified the peptide
as the hexapeptide alanylglycylvalylaspartylalanylalanine, split off the
C-terminal end of ovalbumin| The over-all ovalbumin-plakalbumin trans-
formation is summarized in Table I, and in reaction scheme I.

ScHeMmE [
Prostate or
{)nbes}tl,inal Lntesli,inal
phosphatase phosphatase
A _— A, -_— A,
A, loses A; loses

(2 atoms 1 atom of (1 atom 1 atom of .
P/mole) phosphoruj P/mole)  phosphorus (no P)

B. subtilis | hexapeptide B wblilis | hexapeptide B. subtilis | hexapeptide
enzyme | split o nzyme | split oft enzyme | split off
Prostate «
intestinal Intestinal
I:’L phosphatas l phosphatase R
1 2 —e) 3

(2 atoms P, loses (1 atom P; loses (no P)

P/mole) 1 atom of| . P/mole) 1 atom of
phosphoru ) phosphorus

" These studies can serve as an excellent example of the combination of
electrophoretic and chemical techniques in the unraveling of a complicated
system. One should point out that in this case the net charge differences
between individual proteins|were of the order of one to two electronic
charges, yet excellent electrophoretic resolution could be obtained.

A similar case of electrophoretic heterogeneity is found in ovomucoid
(37, 50-53). In this case, the heterogeneity is more difficult to detect.
Although at normal ionic strengths no serious heterogeneity was evident,
Frédéricq and Deutsch (51)| found that, if electrophoretic analyses were
carried out at 0.01 ionic strength at pH 4.5, five distinct electrophoretic
peaks could be observed on the ascending side. This is a good demonstration
of the higher degree of resolution that can be obtained in the ascending
limb at low ionic strength, which has been pointed out above. Electro-
phoretic patterns of this protein are given in Chapter 7. Bier and co-
workers (52, 53) proved that {the appearance of five peaks in electrophoresis



was due to the presence of discrete proteins by fractionation o ovomucuiu
by electrophoresis—convection (see Chapter 7). They succeeded in isolating
0, in pure form and also obtained fractions enriched with respect to O:
and Os. The isoelectric points were found to be Oy, pH 4.41; O:, pH 4.28;
0s, pH 4.17; 0., pH 4.01; Os, pH 3.83. Mability measurements on the initial
protein and various fractions indicated the absence of interactions among
the various components of ovomucoid. Since this protein is known to act
as a trypsin inhibitor (54), these authors tested the various fractions for
this activity. Their results showed equal antitryptic activity in all the major
fractions, showing ovomucoid to be a striking example of a set of electro-
phoretically discrete proteins originating|from the same source and possess-
ing the same biological properties.

Another electrophoretically heteroggneous, biologically active protein
is the enzyme trypsin. Its heterogeneity is found, however, only under a
very special set of conditions. This prqtein normally has electrophoretic
properties typical for a “homogeneous’| protein. Bier and Nord (55, 56)
have shown that if the electrophoreti¢ analyses were performed in the
presence of calcium, manganese, Or ¢ad mium ions, a second minor, more
slowly migrating, component appeared. These ions are known to be bound
by trypsin and to stabilize it against self-digestion (57, 58). When the
electrophoretic experiments were cafr ed out in the presence of other
divalent ions which have no effect on the biological activity of trypsin, no
resolution into components occurred. Timasheff and associates (59) iso-
lated the rapidly migrating component in the separation cell of the Tiselius
electrophoresis apparatus and examined|it for electrophoretic heterogeneity
and enzymatic activity. As shown in Fig: 6, the isolated material migrates
as a single component. Furthermore, i

ho difference in enzymatic activity
was found between the original protein and the pure, rapidly migrating
component. It should be noted that in this case the presence of discrete
closely related proteins in a single crystalline system could be demonstrated
only under very special conditions, involving the specific binding of ions.
Thus, one can see that great caution should be exerted in drawing con-
clusions on the homogeneity of a pratein from electrophoretic measure-
ments even if no splitting into compon ents occurs over a wide pH range.

Cunningham (60) found that when trypsin is inhibited by reacting
with diisopropylfiuoro phosphate (D fP), the resulting material displays
the electrophoretic heterogeneity shown in Fig. 6a over the pH range of
7.9 to 11.3, whether calcium jons are present or not. In the presence of
calcium ions, the mobility of the major component increases, indicating
binding of the divalent ions by the indctivated enzyme, as is the case with
the active trypsin (61). Ram and co-workers (62) found that acetyl trypsin
also displays the heterogeneity observed with normal trypsin, but the
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Fic. 6. Electrophoretic diagramg of trypsin preparations (59): a. Original whole
trypsin. b. Rapid component after isolation in electrophoresis geparation cell. Ca
acetate buffer; T/2 = 0.1; pH = 4.7 1800 seconds at 12 volts per centimeter.

presence of specific ions is not necessary for this. It is enzymatically active,
and stable to self-digestion. It has an isoelectric point of 3.8, whereas that
of normal trypsin is 10.8. It is interesting t0 note that in both cases of
chemical modification, the e ctrophoretic heterogeneity becomes more
easily detectable, while enzymatic activity is destroyed in one case only.

One of the most interesting recent applications of moving boundary
electrophoresis has been the studies of various hemoglobins. This topic is
discussed in Chapter 9. In the case of normal and sickle-cell hemoglobin,
Ingram (63) has fourid that the two proteins differ by a single amino acid
involving only one charge. And yet excellent electrophoretic resolution is
obtained, showing once again the extreme sensitivity of the method of
Tiselius electrophoresis for detecting very small charge differences between
two proteins.

Shooter and associates (64, 65) have carried out a study on mixtures of
various hemoglobins, aimed| at showing the importance of the proper
selection of buffer type and [ionic strength for maximal resolution. They
found that if a phosphate buffer of pH 6.40 and 0.04 ionic strength is used,
good resolution is obtained between components in the ascending channel.
Typical patterns comparing the resolution of hemoglobins A and S in



various buffers are shown in Fig. 7. The area distribution under the peaks
is far from the true composition of the system, but for component identi-
fication purposes such a degree of resolution may be often desirable. The
advantage of using a buffer in which ascending boundaries are artificially

BUFFER pH F MIGRATION WEMOGl‘Oal CELL OPTICAL

: (voltsfcm) TIME (HOURS) conc ()- DEPTH (mm) - ASC
CACOD L il 648 OO 3.6 15 10 25 —k———'
CACODYLATS 648 010 3.6 s 10 0 P ——
BARBITURATE’ 8.76 0.06 74 6 1.0 10 P ——
PHOSPHATE® 640 0.04 7.4 5 1.86 10 __Jh._-—'

Tic. 7. Comparison of the analysis of hemoglobjins A and S in buffers employed by
different authors (65) [1. L. Pauling, H. A. Itano, 3. J. Singer, and 1. C. Wells, Science,
110, 543 (1949); 2. D. B. Morrison, R. P. T. Rudnicki, and L. W. Diggs, Federation
Proc. 13, 267 (1954);3. E. M. Shooter and E. R. Skinner, Biochem. J ., 60, xxviii (1955).]

sharpened is further demonstrated by the complete resolution of a number
of hemoglobin pairs and combinations of three in the 0.04 ionic strength
phosphate buffer. .
Hoch (66), in prolonged electrophoretic analysis of pepsin has shown
this protein tobe a mixture of four components. In this work electrophoresis
was carried out with counter-compensation, and resolution into com-
ponents could be obtained only after 30 ¢m. of migration. During short-
time electrophoresis, this protein appeared|to be fairly homogeneous (96%
migrated as a single component at pH 3.9 and 5.9), while prolonged runs
in pH 5.9 phosphate buffer of 0.025 ionic strength resulted in the resolution
of the four components. The pattern was analyzed using the equation of
Hoch-Ligeti and Hoch (67). It was fou d that, although the apparent
proportion of the major component was 6%, its actual concentration is
only 43%. The relative difference in migration velocities of the two main
components was 1.5%. Thus, electrophoretic resolution was achieved even
though the components had almost identical mobilities. Such systems can
be analyzed quantitatively, however, only|with the very careful application
of the moving boundary theory; otherwise very large errors result in the
composition analysis. ‘
Another interesting application to a iological system is found in the
work of Singer and co-workers (68), who showed the presence of two
different strains of virus (tobacco mosal virus) in electrophoretic experi-
ments. The new strain was both detected and isolated electrophoretically.




gphoretically the difference between

Beaven et al. (69) have studied electr
developing a method of analysis of

human fetal and adult hemoglobins,
each in the presence of the other.

A protein showing a very complex pattern of heterogeneity is f-lacto-
globulin. This protein, which is the main component of milk whey, has
been found by many workers t0 be heterogeneous below pH 5.2 (23, 28,
70-75) (its isoelectric point), while disa greement exists on its heterogeneity
above this pH. The electrophoretic he erogeneity of g-lactoglobulin below
pH 5.2 has been attributed by Longsworth and Jacobsen (23) to the
presence of interactions and will be tre ted later. In the pH region between
5.3 and 6.0, Li (70) and McMeekin| and co-workers (71, 72) failed to
observe heterogeneity in short-duration electrophoresis experiments.
Smithies (74) however, using & variety of techniques including electro-
phoresis, showed this protein to be heterogeneous in the same pH region.
Following the discovery of Aschaffenburg and Drewry (76) that g-lacto-
globulin consists of two genetically different proteins, Timasheff and
Townend (28) demonstrated that its e ectrophoretic heterogeneity between
pH 5.3 and 6.0 can be accounted for by the presence of these two proteins.
In this work, prolonged electrophoretic analyses were carried out on the
two individual proteins, obtained from the milk of individual cows (76),
as well as on mixtures of the two proteins which Aschaffenburg and Drewry
(77) designated as p-lactoglobulins A and B. The areas under the individual
boundaries were found not to corresp bnd to the correct known distribution
of the two components. Therefore, a calibration graph was made using
mixtures of known composition. In this way it was shown that normal
g-lactoglobulin obtained from pooled milk consists of 609 A and 409% B,
while the area distribution under the electrophoretic pattern gives an
apparent composition of 7 6% A. This large difference between the actual
composition and the area obtained ¢n synthetic mixtures is the result of
the superposition of boundary anomalies on a slight skewness of the pattern
of pure g-lactoglobulin B. The mobilities of the two components are
—0.63 (4) and —0.12 (B) at pH 53, and —1.67 (4) and —1.46 (B) at
pH 5.6 in acetate buffers of 0.1 ioni¢ strength. Their isoelectric points are
5.09 (A) and 5.23 (B) (78). Such d ifferences in mobility and isoelectric
points should correspond  to about two charges. The electrophoretic
heterogeneity of this system is complicated by the presence of protein
association below pH 5.2. In the pH]region above 5.2 it was shown that no
association takes place (79). o

- In some cases eleetrophoretic heterogeneity can be detected only by
the appearance of a shoulder on the main peak with no actual separation
of components. Such is the case in insulin, which was studied by Timasheff
and co-workers (80, 81). In order to prove that the heterogeneity in this




ystem is due to the presence of different proteins, insulin was fractionated
'y electrophoresis—convection (see Chapter 7). An attempt to correlate
his heterogeneity with the observation of Harfenist and Craig (82) that
psulin contains two components, A and B, differing by one carboxylic
harge per 12,000 molecular weight, resulted in the finding that the Craig
,omponent A displays an electrophoretic heterogeneity equal to that of
vhole insulin, but a mean mobility 0.12 mobility units more positive than
e whole insulin. Since apparently the elect ophoretic heterogeneity of
nsulin cannot be accounted for in terms of ¢ mical differences, it would
seem that it is probably related to some diffdrences in molecular folding
and hydrogen-bonding between individual molecules (83). The carboxylic
charge difference seems to play only a secondary role.

B. Boundary Spreading

In the previous discussion the components of the mixture to be analyzed
could be considered as discrete. There are actually a considerable number
of protein preparations which are heterogeneous but which travel as a single
peak in the electrophoresis apparatus. The heterogeneity of these prepara-
tions is demonstrated best by the techniques|of reversible electrophoretic
boundary spreading which have been develgped by Alberty and others
{84-86). A detailed description of this phenomenon is given in Chapter 3.
;1111 the application of this technique, correctiop for diffusion is usually car-
f’_i':ied out by extrapolating the function g(u) [see Chapter 3, equation (45)]
ifo zero reciprocal time. Brown and Cann (83) however, have shown that
‘the mobility may be expressed also in terms of the moments of the re-

ive index gradient, X".
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. H;(¢) are the Hermite polynomials ang the C; are the coefficients of
;Gram-Cha.rlier series (87). oo is the stan ard deviation of the gradient
ve at the moment the field is applied, o is the standard deviation after
trophoresis for ¢z seconds, E is the electri¢ field. The other terms are the
1e as used by Longsworth (see Chapter 3, page 134). Since it is very
jcult to obtain accurately moments of lthe refractive index gradient
her than the second, the usefulness of eq ation (13) is in general limited
the determination of the second moment of the mobility distribution.
wumber of proteins have been examined in reversible boundary-spread-



ing experiments and their heter geneity constants have been determined.
The significance of these analyses is discussed in Chapter 3 and the values
of h for a number of proteins have been tabulated by Alberty (88).

The final unequivocal proof |of protein heterogeneity is best provided
by the isolation of the individual components. In the case where discrete
components are present, fractio ation can be carried out by a number of
techniques. In the case of a heterogeneous system with a continuous
distribution of mobilities, Cann| et al. (89) have shown that fractionation
may be carried out very successfully by means of electrophoresis-convection
(see also Chapter 7). These authors fractionated bovine y-globulin into
eight fractions differing from one another by at least two electrophoretic
properties, such as isoelectric p int, mean mobility at pH 8.7 and mobility
distribution at the mean isoelectric point. These fractions constitute a
mean mobility spectrum of from —1.25 p to ~2.25 p at pH 8.7 and range
in isoelectric points from 7.31 t¢ 5.74. The isoelectric point of the starting
~-globulin was 6.75 and its mobility —1.73 p. A considerable variation in
Au/ApH was found among the fractions, reflecting probable chemical
and structural differences. The normalized mobility distributions of six
such fractions at pH 6.5 are plotted in Fig. 8. The starting material for the
preparation of fractions G and|H was non-Gaussian with the result that
fraction G (top) exhibited a on-Gaussian mobility distribution at its”

0.25 ‘

0.20p

0.10

0.05

Mobility distribution function

0.00

Fic. 8. Mobility distribution functions at pH 6.5 of six unique fractions of bovine
y-globulin; - - — = fraction C (pl, 6.47); O = fraction D (pl, 6.01); — = fraction E
(pl, 7.31); @ = fraction F (pl, 6.51); @ = fraction G (pl, 5.74); — - — = fraction H
(pl, 6.41) (89). .
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mean isoelectric point. This is in agreement with the theory of transport
in electrophoresis-convection which predicts that the fractionation of a
protein possessing a Gaussian mobility distribution will result in a top
fraction which also possesses a Gaussian mobility distribution, having the
same second moment as that of|the original protein, while a starting
material with a -non-Gaussian mobility distribution will result in a non-
Gaussian top fraction.

C. Microheterogeneity

In the previous two sections, a description was given of various degrees
of protein microheterogeneity which can be detected by electrophoresis.
In some cases, such as ovomucoid, |it is possible to obtain almost complete
electrophoretic resolution of the component proteins, even when the differ-
ences in physical properties are quite small. In such cases, it is. often
desirable to take advantage of the increased degree of resolution which
can be afforded by boundary sharpening on the ascending side, even if
quantitative analysis of composition has to be sacrificed. In the case of
hemoglobin the difference between types A and S is a single charge, in
ovalbumin the difference between the various components amount to one
or two charges. One is tempted to ask what is the nature of the more subtle
heterogeneity which is found in other proteins. In the case of y-globulin,
different electrophoretic fractions| have been found to have different
biological activities (see Chapter 7)| In most cases, however, there has been
no evidence associating biological heterogeneity with boundary spreading
in the electrophoresis apparatus. An excellent review of the general problem
of protein microheterogeneity has been written by Colvin et al. (90).

In some cases, the microheterogeneity has been correlated with definite
chemical differences, such as in ovalbumin and hemoglobin. In the case of
trypsin, heterogeneity seems to depend on the differential binding of some
divalent ions by the two species. Insulin presents a case in which a known
chemical difference between compdnents (one charge per molecule) seems
to be superseded by differences in secondary and tertiary structure, as
evidenced by possible changes in hydrogen-bond formation shown by
Frédéricq (83) and Laskowski et al. |(91). In general, however, a continuous
mobility distribution is found in g number of crystalline highly purified
proteins. Part of this could be dug to differences in chemical structure.
For example, in serum albumin, it ig known that there are two components,
one of which has a free —SH group while the other one does not. It is
possible that there are random variations in the spatial configuration of
the nonessential parts of the protein. Such variations would affect the
ionization constants of the amino |acids present in the protein as shown
by Tanford (18, 19). Structural variations could be of various natures.




They could be the result of differences in folding in various individual
molecules, or possibly minor variations in the amino acid sequence or even
composition. Furthermore, one could conceive of the existence of dynamic
configurational changes in protein molecules, very slow relative to the
length of an electrophoresis experiment, but sufficient to lead to the ob-
served boundary spreading. One should also not exclude small differences
between individual molecules in| the effects of pH, ionic strength, and type
of ions present in the system as| well as the effect of the application of the
electric field. Another possibility is afforded by differences in the kind
and amounts of carbohydrate [or hydrocarbon materials which may be
tightly bound to the protein molecules. These could either contribute to
the charge, or affect the folding of the molecule leading to small changes
in its hydrodynamic or electrostatic properties. All these differences could
lead to slight differences in electrophoretic mobilities between individual
molecules. These small differendes could also be exerted through variations
in ion binding and molecular unfolding which might have considerable
effects on the ionization of vicihal groups (18, 19). With the exception of
minor differences in amino acid sequence or composition in a small number
of molecules, all of these variations are in spatial configuration. It is difficult
to conceive of another explanation for the microheterogeneity of proteins
in view of the apparent homogeneity found by the organic chemists in all
the proteins that they have studied. It is true that minor variations in a
small number of molecules could go undetected by the present techniques
of structural protein organic chemistry.

1V. INTERACTIONS IN PROTEIN SYSTEMS

In addition to giving information on the ionization and degree of
homogeneity of a protein, Tis¢lius electrophoresis can yield information
also on various interactions which occur in the system. The following
types will be considered here: protein-ion interaction, interaction of differ-
ent proteins with each other, polymerization of a protein, and isomerization
of proteins. No attempt will be|made to give a complete coverage of these
topics, but it will be attempted to show by examples how such systems
can be analyzed properly.

A. ProteinsSmall Ion Interactions

The binding of small ions by proteins has been studied in several cases
by applying the theory of weak electrolytes in moving boundary systems.
It is discussed in detail in Chapter 3, Sections IV and V. A typical example
of such a study is the work of Alberty and Marvin (92) on the binding of
chloride ions by bovine serum|albumin, described in Chapter 3, Section
V, C. Smith and Briggs (93) adapted the theory of weak electrolytes in a
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somewhat different mahner to g study of the binding of methyl orange by
bovine serum albumin BSA). In experiments using boundary system I of
Chapter 3, Section V, A, it was found that the constituent mobility of the
protein is a linear function of the amount of dye bound. In order to de-
termine the amount of dye bound by the protein, using electrophoretic
data alone, a second get of experiments using boundary system II of
Chapter 3, Section V, A was carried out.

Figure 9 shows the oundary system to be expected in the descending
limb. The boundary « represents the hypothetical dye boundary. Its
velocity may be determined in a separate experiment if one assumes that
the protein has a negligible effect upon the mobility of the free dye. The

Buffer

Buffer

Buffer
+Protein

Buffer
+Protein
+Dye

Fi16. 9. Diagram of boundaries in descending limb after electrophoresis of albumin-
methyl orange mixture (93). :
dye disappears across the |8y boundary, and its constituent mobility may
be calculated from that boundary. The v$ boundary gives the apparent
mobility u,” of the protein, which differs from the true mobility of the
protein, u,, by the factor| «=/xv. All the free dye present in the original
solution has passed the boundary af. Therefore, the free dye now present
in 8 must have been bound by the protein in y. We.may set the amount.
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of dye originally bound by the protein in v equal to the free dye in B.

If one assumes a unit cross s
by mobility differences and we
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A plot of 1/Au against 1/Cd++ reulted in a straight line yielding a
binding constant in agreement with that found for attachment to histidine
residues.

In other studies on the binding of |ions to proteins, Volkin (95) used
the shift in the pH-mobility curve of insulin in the presence of thiocyanate
ions, to show the binding of these ions to basic groups on that protein.
Nord and Bier (56) have used similar information to show the binding of
calcium ions to trypsin. The combination of detergents with proteins is
another special case of small-ion binding. It has been investigated by
means of electrophoresis on a number|of systems. In studies on anionic
detergents, Lundgren and associates (96) studied the interaction of oval-
bumin with alkylbenzene sulfonates; Putnam and Neurath (97, 98) studied
the interaction of serum albumin with sodium dodecyl sulfate; Ballou and
co-workers (99) investigated the effect of lower fatty acid salts on the
mobility of human serum albumin. Timasheff and Nord (100) investigated
the interaction of a cationic detergent, dodecylammonium chloride, with
ovalbumin. In all cases the mobility of the protein was shifted considerably
in the presence of the detergent, indica ing binding. In the presence of an
excess of protein, boundaries corresponding to free protein and complex
could be observed (97, 100); the free-protein boundary was found to
disappear as the amount of detergent |was increased, with one or more
boundaries (97) due to complexes appedring. In most cases, interaction of
proteins with detergents resulted in some permanent changes in the protein
molecule, especially in the presence of high detergent concentration. This
aspect of the problem will be discussed later.

B. Protein-Protein| Interactions

The theory of protein-protein interactions is discussed in detail in
Chapter 3, Sections VI and VII. A classification of various types of inter-
actions is given there, and criteria for distinguishing between them are
presented.

One of the most elegant physical studies of protein-protein interaction
is the work of Singer and co-workers (101-107) on the soluble complexes
of protein antigens with the corresponding antibodies.

Antibodies and antigens are substanges capable of interacting specifi-
cally with one another in’proportions which depend on'the composition of
the mixture. It has been customary to call the number of combining sites
on each protein the valence of that protein. The work of Pauling and co-
workers (108, 109) suggests that the precipitating antibodies are divalent
and antigens are multivalent. Goldberg (110) has shown that such a system
would have a zone of precipitation but that soluble complexes would exist
under certain conditions, such as the presence of a large excess of antigen.
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Singer and co-workers used the ultracentrifuge and electrophoresis to

study the soluble antigen-a
excess antigen.

The antigens studied wer
bumin (102, 103), hapten-sul
ically modified serum album
B-lactoglobulin, and conalbun
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obtained on the BSA-anti-BSA system with
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of soluble antigen-antibody complexes (101) at
tal protein concentration and times of migration,
7740 seconds; b, 1.00; 16.1, 7800 seconds; c, 2.14,
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The complexes which exist in antibody-antigen systems constitute an
equilibrium system, and the results one obtains in the electrophoresis
apparatus are strongly dependent ypon the rate at which equilibrium is
established. Singer and Campbell (101) have set up some criteria for the
quantitative use of schlieren diagrams for systems which may undergo
re-equilibration.

In the ascending boundary we haye Ag (free antigen) and two complexes
Ag,Ab (a complex) and Ag;Ab, (b complex). The three components have
mobilities —u4 > —u, > —u,. Figlire 11 shows the boundary system in

Fic. 11. Moving boundary system in the ascending limb of the Tiselius cell for the
bovine serum albumin-Antibovine serum albumin system (101}

the ascending limb of the electrophoresis apparatus. In phase « behind
the A boundary, there is only free antigen and no reaction takes place. In
phase 8, we have then the a complex and the disproportionation of Ag.Ab
may take place:

2Ag:Ab 5| AgiAbs + Ag (18)
R is the over-all rate constant of this reaction. At some later time, the
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AAg produced in B will overtake|the a boundary and be found between A
and a. The additional amount,|AAg, of the antigen found in phase a as ’
the result of this reaction will be

R.x(us — Ub)
Ua — ua)(Up — Un) >0 (19)

AAg((Ell’) = (

1t follows that d(AAg) /dz is positive and that the schlieren curve in
the o phase will be elevated abgve the baseline. If, on the other hand, the
schlieren curve in this region dges return to the baseline, then the effects
of re-equilibration are negligible and the area under the A peak on the
ascending side will correspond tp the concentration of free antigen present,
in the original solution. On the descending side, the distribution of com-
ponents and the resulting shifts in equilibrium are quite different. As a
result, the patterns do not return to the baseline between the peaks for
the a complex and the free antigen.

Careful analysis of the elec rophoretic data (101) has made it possible
to obtain the equilibrium conce tration of uncombined antigen in a solution
of known total antigen and total antibody content. For this purpose
boundary anomalies were prop rly taken into account by running a number
of control experiments on noninteracting systems. Plotting the amount of
antigen combined per antibod molecule against the relative concentration
of antigen, the ratio of antigen to antibody in complexes extrapolates to a
value of 2 at 1009, antigen, s owing the antibody valence to be 2.

An extension of these stu jes as a function of pH resulted in a pH-
mobility curve for BSA in the complexed system identical with that of
pure BSA, showing again tha the effects of re-equilibration are not im-
portant. From a comparison of calculated to observed mobilities of the
complexes at various pH’s, further evidence was obtained for the bivalence
of antibodies. Applying the oldberg theory, equilibrium constants were
calculated for the Ag + AgAb = Ag,Ab reaction. The values obtained
were K = (2.5 £0.5) X 104 AF° = —5.5 =% 02 kecal; AH®° =0=*x 2
keal.; AS® =20 £ 8 entropy units, in barbital buffer, pH 8.5 at 0°. Sim-
ilar values were obtained with other proteins.

A plot of the pK for the Ag + Ab = AgAb reaction versus pH resulted
in a straight line with unit slope, showing that a single ionized group is
involved in every Ag—Ab bo! d, both in the anti-BSA and anti-ovalbumin
systems.

By acetylation and guanidination of the BSA and the anti-BSA anti-
body, Singer (106) has shown further that there is one amino group per
reactive site of the anti-BSA antibody molecule. In order to show that loss
of activity is due to chemical reaction at the antibody reactive sites and not
to nonspecific effects, electrgphoretic experiments were carried out on a



solution of acetylated BSA-anti-BSA complex and a mixture of separately
acetylated BSA and rabbit v-globulin. The electrophoretic patterns, shown
in Fig. 12, clearly demonstrate that activity is retained in the first case only.

ascé& —>desc

Fig. 12. Electrophoretic patterns of (4) acetylated BSA-anti-BSA complexes and
(b) a mixture of separately acetylated BSA and rabbit v-globulin in veronal buffer (pH,
8.68; I'/2, 0.1). Boundaries 1 and 2 are due to acetylated BSA, boundaries 3 and 4 to
AC-AB complexes, and boundary 5 to acetylated v-globulin (106).

Another type of interaction between biologically important proteins
is that of enzymes with specific inhibitors. Ram and associates (111) have
studied electrophoretically the stoichiometry of the reaction between tryp-
sin and its inhibitor, ovomucoid. Using an analysis of the data similar to
that of Singer and co-workers, these|authors found that while trypsin can
bind only one ovomucoid molecule, more than one trypsin can react with
each molecule of ovomucoid. The isoelectric points of the two proteins
and their equimolar complex are 10.8, 4.3, and 9.0, respectively. This
can be explained on the basis of the umber of ionizable groups on the two
proteins in this pH range. In this case also, the presence of the complexes
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does not affect the mobilities of other components present in the system,
and the ascending pattern returns to the baseline between peaks, showing
that re-equilibration effects are not significant.

Inactivation of trypsin with the DFP reagent results in loss of its
ability to complex with ovomucoid as shown by Chernikov and Shpikiter
(112). Their electrophoretic data, shown in Fig. 13, are considered to be
strong evidence in favor of the thepry that the inhibitor is actually bound
by the active site of the enzyme.

L\l

——— —

Fic. 13. Electrophoretic diagrams pf the trypsin-ovomucoid system (112). s,
ovomucoid; b, 1:1 mixture of trypsin and ovomucoid; ¢, 1:1 mixture of DP-trypsin
with ovomucoid. Right: descending; left: rising. 180 Minutes in pH 7.15 veronal buffer

of 0.2 ionic strength, at 3.5 volts per centimeter.

Qimilar data on the complexing of chymotrypsin by ovomucoid have
been obtained by Weil and Timasheff (unpublished work, (112a)).

An interesting study of the complexing of two proteins has been carried
out by Ehrenpreis and Warner (113) on the conalbumin-lysozyme system.
In this case, the difference in the sizes of the molecules has made it possible
to compare the electrophoretic data with dialysis equilibrium results. This
system was found to be of the rapid re-equilibrating type (see Chapter 3,
VI, A). The fact that the two proteins were oppositely charged unde
the experimental conditions made analysis of the data possible. The re
action was interpreted in terms| of the consecutive association of twe
lysozyme (L) molecules with one jof conalbumin (C);

L4+ C=CL (20)
CL 4+ L=CL,
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The constituent mobilities, obtained experimentally as described in Chap- -
ter 3, were defined as:

(C) 120 = (C) Ue + (CL Uel + (CL2) Ui,

(21)
(L) U = (L) u + (CL Uel +2(CL2) Uely
The corresponding equations for the constituent concentrations are:
C) = (C) + (CL) + (CL
© = (© (CLy) ©2)

(L) = (L) + (CL) + 2(CLy)

where the w/’s are the mobilities of the corresponding species. Since at
the experimental pH, conalbumin and|lysozyme have about equal but
opposite charges, uq is small, and since (CL;) is also small, (CL) %a
=+ (CLe) ug, in equation (21) could be neglected. This made possible the
analysis of the electrophoretic data, which turned out in good agreement
with dialysis equilibrium results. In cases in which the last two terms in
equation (21) are sufficiently large so that they cannot be left out, quanti-
tative analysis becomes impossible, since there are more unknowns than
equations.

The system ovalbumin-yeast nucleic acid (114) has also received a
detailed quantitative study. This is discussed in Chapter 3, Section VI, B.
Similar studies have been carried out on [the interaction of ovomucoid with
yeast nucleic acid (114), of serum albumin with thymus nucleic acid (115)
and with fish sperm nucleic acid (116), as well as of insulin with protamine
(117). Longsworth and co-workers (37) lhave pointed out the interaction
of various components of egg white. Mixtures of a- and B-casein (118), as
well as of the various components of gliadin (119), also display electro-
phoretic evidence of interaction.

C. Polymerization Reaction

A number of systems exist in which [the protein aggregates reversibly
under a given set of conditions. For the case in which the re-equilibration
is rapid, Gilbert (120) has shown that for the reaction nB = B,. K =
(B)*/(B,), if n is greater than 2, the refractive index gradient curve may
have two maxima. For a dimerization reaction only one boundary will be
present. Using this theory, which is discussed in detail in Chapter 3,
Section VII, B, it is possible to determine the equilibrium constant of the
reaction, if the extent of aggregation (n)|is known.

A number of protein systems are known which undergo a polymeriza-
tion reaction. Among those that have been studied electrophoretically are
arachin (121), chymotrypsin (122), and chymotrypsinogen (122). The most
thoroughly studied polymerizing system is g-lactoglobulin (23, 72, 75,
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123-125). Ogston and Tilley (75), in comp ring electrophoretic experi-
ments with some ultracentrifuge measurements showed that the electro-
phoretic heterogeneity of that protein at pH .65 is due to polymerization.
Townend and Timasheff (79) showed this ociation to be limited to the
pH region between 3.5 and 5.25 with max mal association taking place
between pH 4.40 and 4.65. Following the discovery by Aschaffenburg and
Drewry (76) that this protein consists of two genetically different entities,
Ogston and Tombs (123) found that the electrophoretic patterns of the
two are different in the pH region of associs tion, with the conclusion that
g-lactoglobulin A probably associates toa m ch greater extent than g-lacto-
globulin B. A comparison of electrophoretic and ultracentrifugal patterns
for these two proteins was carried out by '] ownend and Timasheff (125).
Typical patterns are shown in Fig. 14. It cpn be seen that, whereas both

uxlo® = 1.
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Fic. 14. Tracings of ultracentrifugal and electrophoretic patterns (descending) of
varions g-lactoglobulins in pH 4.65 acetate buffer, I'/2 = 0.1 (125). Both sedimentation
and electrophoretic migration proceed from left to right. Sedimentation: 59, 780 r.p.m.;
“normal” and B-A, 1.49, protein, 160 minutes; 8-B, 7% protein; 352 minutes. Electro-
phoresis: 1.69, protein, 8000 seconds at 9.7 voltg per centimeter.

proteins give complex electrophoretic patterns, only A shows evidence of
association in the ultracentrifuge.® Ligh scattering studies by Townend
and Timasheff (125) have shown that the re-equilibration is very rapid
(less than 1 minute) and that the polymer formed is most probably a
tetramer. Using this information, as well as Tombs’ report (124) that only
90%, of the A protein can give the domplex electrophoretic patterns,
Townend and Timasheff calculated an equilibrium constant for the re-
* Klostergaard and Pasternak (78) have come to the opposite conclusion.
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action 484" = B, with the aid of the Gilbert theory (120). The equi-
librium calculations were done in the following manner. For n = 4, the
function § at the minimum point| of the pattern is 6 = (n — 2)/(3n — 3)
= 0.222. From the experimental |data on the area distribution at a series
of protein concentrations, one can calculate the concentration of poly-
merizable protein at which 509, will be aggregated, since above that con-
centration the fraction of the slow peak due to the polymerizable protein
must have a constant area at gll concentrations (120). In the case of
p-lactoglobulin A, when correctign of the areas was made for 109, non-
polymerizable material, it was found that the slow peak at the concentra-
tions studied corresponded t0 0.80|= 0.20 gm. per liter of protein monomer.
A comparison of calculated and observed area distributions under the two
peaks of the reaction boundary on the descending side is given in Table II.

TABLE II

ASSOCIATION OF|B-LACTOGLOBULIN Asb

Protein conc. % Major component
g/1 : Observed Calculated*

5.2 71 74

10.0 79 82

16.0 86 85

16.3 85 85

20.4 87 86

12.8¢ 91 93

¢ According to Townend and Timasheff (28).

®909% aggregable material (124). Area distribution in electro-
phoresis in pH 4.65 acetate of 0.1 ionic strength, 1°C.

¢ Calculated according to Gilbert theory (120); K = 7.8 gm.3
—1"%n =4,

4 Purified aggregable fractipn.

Using the value of 0.80 gm. per liter for the constituent concentration, 7,
at the minimum point and the corresponding é value forn = 4, K was found
to be equal to 7.8 & 3.4 gm.? — 1-p. This results in a standard free energy
of association of AF® = —15.4 &+ 0.5 keal. per mole at 1° for the tetram-
erization of the polymerizable fraction of g-lactoglobulin A. These values
of K and AF° are in good agreement with corresponding values obtained
from light scattering and ultracentrifugal data. It might be of interest to
note that application of the Gilbert theory to ultracentrifugal data on the
polymerization of S-lactoglobulin at pH 4.65 (125), as well as to its dis-
sociation into half-molecules at pH 1.6 (126. 127). made it possible to




calculate K values in good greement W1th LIGNT-SCALLCHILES ey w === =
the concentration dependence of the sedimentation constant.

D. \Isomerization Reaction

In Chapter 3, Longswo h described qualitative criteria for recognizing
boundaries in which re-equilibration of isomers occurs. Cann and associates
(128) have made a theoretical study of the electrophoretic behavior of
systems containing a protei which can exist in two interconvertible states,
A and B.

In treating the problem, it was assumed that the states A and B have
mobilities g1 and e and di usion constants Dy and Da. The specific rates

of interconversion are ki and ks,

k1 \

A ;E‘_ B (23)
and the concentrations of |A and B are represented by C; and C,. During
electrophoresis of this system, the changes in concentrations with time of
electrophoresis, ¢, and height in the electrophoresis cell are described by
the following set of forced-diffusion equations where the position variable,
x, is measured relative to a frame of reference moving at velocity wEt and
E is the field strength. ‘

5C 0’
(a) —BTI = Dy _8% + kCo — kaCy
. 5 |
(b) _% = Dzé %% — %—2] — koCa + kiCh (24)
(C) vy = ?le-u—-———-z + Zleﬂl; u= Ze[.l.; D = nkT

M2

The symbol z represents the net electrical charge and e the electronic charge.
1If the concentrations are represented by their Fourier integrals,

Clad) = :/—1.2—_; " Qo) do (25)

the equations (24) can be solved for Gy and G. C, and C; may then be ob- -
tained by evaluation of the Fourier integral (25). Analytical solution of the
Fourier integrals for the general case is extremely difficult. However, an
approximate analytical solution can be obtained for the special case where
ky = k= kand Dy = D, =D.Ifitis assumed that k is sufficiently large,
so that 4k? > (ov'E)? where ' = pz — u, then the electrophoretic gradient

curve is given by the relation
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electrophoresis gradient curves using equation

boundaries will occur for times o

electrophoresis less than, or of the order

of, the half-time of reaction, but that for longer times a single moving
boundary spreading by diffusion pnly will be observed.

The theory of isomerization equilibrium in electrophoresis presented
above is obviously correct only within the limits of its assumptions. It



should provide a valuable guide in the interpretation of electrophoretic
data. However, its limitation should be recognized. It does not discuss
the possibility and consequences of |pH, salt, and density gradients which
may exist across the boundaries. The more complicated reactions involving
more than one molecule are beyon: the scope of the theory.

E. The Behavior of |Proteins in Acid pH’s

The subject of equilibrium systems in electrophoresis has been receiving
considerable attention lately because of the interest in the behavior of
proteins below pH 4.5. While a number of protein systems have been
examined, bovine serum albumin has become more or less the standard,
and most of the studies have been fone with this protein.

Bovine serum albumin normally travels as one peak in the electro-
phoresis apparatus above pH 4.5. Below this pH more than one peak is
observed and the patterns are us ally nonenantiographic. Furthermore,
the pH range of electrophoretic he erogeneity is found to be a function of
the buffer used. ’

The first observation on the lectrophoretic heterogeneity of serum
albumin was made by Luetscher (129), who found that crystalline human
and horse serum albumins show two electrophoretic boundaries in acetate
buffer of pH 4.0 and ionic strengt 0.02. Sharp and co-workers. (130) re-
ported that horse serum albumin displayed a complex boundary pattern
in the pH range between 4 and 6 both at 0.1 and 0.02 ionic strength. These
patterns were distinguished by a lack of symmetry between the ascending
and descending boundaries, which was particularly pronounced at pH near
4.4. Longsworth and Jacobsen (23) concluded that the nonenantiographic
patterns of this protein indicate c ntinuously readjusted equilibria across
the moving boundaries. The hete ogeneity of serum albumin in acid pH’s
has been observed also by a number of other workers (131-133).

The problem of the heteroge eity of BSA in acid pH’s recently has
undergone broad investigations by Aoki and Foster (134-139) and by Cann
and Phelps (140-143).

Aoki and Foster have examined the electrophoretic behavior of BSA
in the pH range of 2t0 5 using 0.2% protein solutions at 0.02 ionic strength
of chloride, thiocyanate, and acetate. In the pH region between 3.0 and 4.5,
two boundaries were observed, the percentage composition changing con-
tinuously with pH. At 0.29, protein, the patterns were found to be fairly
enantiographic, while at higher |concentration, enantiography was lost.
These authors explained the ano: alous behavior of bovine serum albumin
in the electrophoresis apparatus 3t pH 4.0 by an isomerization reaction of
serum albumin involving a change in the intrinsic jonization constants of
the carboxyl groups of the prot in. The observations were explained in
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terms of the equilibrium

3H*=F

The titration data for BSA are also anomalous below pH 4.5 (144). Aoki
and Foster accounted for the titration data obtained between pH 3.5 and
4.5 by assuming that the carboxyl groups of the two forms have different
intrinsic ionization constants, with the N form having a pK, value of 3.7
and the F form, 4.4. Assuming that the area under the fast-moving peak
in the electrophoresis apparatus represents the concentration of the F form
and that the area under the slow-moving peak represents the N form, Aoki
and Foster calculated the pH-dependence of the distribution of the two
forms. This is shown in Fig. 16, and is in good agreement with their inter-
pretation of the titration data. '

°/O
100

g0

60}

a0}

Per cent of N form

N
o

Fi1c. 16. Dependence of electrophoretic composition of bovine serum albumin on
pH at 0°C., 0.29 protein. — 0.02 ionic|strength SCN~; — — - 0.02 ionic strength Cl~-
(136).

Further investigatioxis of this |problem under the same conditions, as
well as in the presence of urea (138) and detergent ions (139), have given
evidence that the composition and the mobilities of the components are
constant over a wide variety of lengths of runs, indicating re-equilibration
to be not important. In the interpretation of the data, however, Foster and
Aoki had to assume that the equilibrium represents the sum of four co-
operative transitions (137) in order to reconcile quantitatively the electro-
phoretic and titration information.
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It has not been established ynequivocally that the electrophoretic pat-
terns obtained with BEA in the pH region of 3.5 to 4.5 can be interpreted
in this simple manner. Certain ifficulties are yet to be overcome. Correla-
tion of the titration data with [electrophoresis requires knowledge of ion
binding. Unfortunately, the information on the binding of chloride and

thiocyanate ions as a function
the assumptions of four coope
pendent experimental validatio
discrepancy exists between th
predictions of the the
mental and theoretical develop
tation of the data will remain

only as a very interesting model for such

pointed -out that in a recent p
reported on calorimetric evide
in BSA in the pH region of 3.5 ¢
calculated by Aoki and Foster

ory of Cann et al. (128).

f pH is as yet incomplete. Furthermore,
ative transitions are yet to receive inde-
One should also point out that a serious
experimental reaction velocity and the
Thus, until further experi-
ents become available, the above interpre-
pen to question and should be considered
protein behavior. It should be
blication, Bro and Sturtevant (145) have
ce showing that a transition is oceurring
4.5, with a heat of reaction similar to that
135) from electrophoretic data and a half-

time of about 2 minutes. Furthermore, Tanford and associates have con-
cluded from titration and viscosity data that below pH 4.3, BSA undergoes
a change from a compact to an expandable form (144).

Cann and Phelps (140-143) have carried out similar studies of the
electrophoretic behavior of BSA, ovalbumin, and v-globulin. Working at
pH 4.0 in low and high jonic strength buffers, at protein concentrations of
approximately 1.3%, these authors have observed that the three proteins
display complex nonenantiographic patterns. (The work with y-globulin
was carried out at pH 5.7 and 4.0.) Electrophoretic patterns obtained in
acetate-chloride buffers of varjous compositions are shown in Fig. 17. As
can be seen, progressive changes in the electrophoretic patterns occur as
the concentration of NaAc-HAc increases. These were found to be very
sensitive to the NaAc-HAc concentration, but not to ionic strength, if the
acetate concentration remained constant. Comparison of data obtained in
a series of carboxylic acid buffers showed a close correlation with the con-
centration of nonionized carboxylic acid in the supporting medium and a
very poor one with the acid anion. A similar study in the presence of formic
acid showed the electrophoretic patterns to be strongly pH-dependent,
suggesting the participation of carboxylate groups on the protein in this
reaction. This is consistent with the finding of these authors that the elec-
trophoretic patterns of methylated BSA at pH 4.0 are insensitive to the
concentration of the acetate buffer (145a).

A tentative qualitative interpretation of this behavior can be given in
terms of the binding of undissociated acid molecules by the protein with
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SUPPORTING MEDIUM

0.01M NaCl — Hcl

0.002M NaAc — 0.01MHAc
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Fig. 17. Electrophoretic patteris of 1% BSA in various supporting media at pH

4.0. Boundary velocities (105 X u)

e shown above or beside corresponding peaks (143).

the assumption that the resulting complex has a higher mobility than the

original protein (145a):
P (slow)

The electrophoretic pattern ¢

H+ HAc = PHAc (fast)
an then be explained with the help of the

boundary diagram shown in Fig. 18. On the descending side, the PHAc
form moves with its normal mobility into the original equilibrium mixture,

leaving behind P. In order tor
the buffer, lowering the HAc

eadjust equilibrium, P reacts with HAc from
concentration behind the PHAc boundary

and raising the pH in that region. This causes a retardation in the migration
at the front of the slow P boundary and results in sharpening, since the rear
portion of the boundary migrates in the original lower pH buffer. The
descending limb should then consist of a leading broad PHAc boundary,
followed by a sharp slow boundary, with the pH between the two higher

reaction is very rapid as shown by Gilbert and Jenkins (146). On the rising

than the original pH. Separatiin into two boundaries may occur even if the

side, the rapidly migrating P

Ac moves out into fresh buffer. Due to re-
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Fic. 18. Model boundary system that could account for effects of acetic acid bind-
ing on electrophoresis of BSA|in pH 4.0 acetate buffer.

equilibration, HAc is liberated behind the boundary, lowering the pH
behind the boundary and causing its sharpening. The boundary, due to
slower-migrating P, moves into the zone of lower pH, its leading edge
becoming accelerated, while its tailing edge migrates in the original buffer.
This would result in a pattern consisting of a sharp, rapid boundary,
followed by a slow, broad one, with the pH between the two being lower
than in the original solutjon.

Cann has measured the actual nH and conductivity at various points
on the rising side and compared these values with those calculated from
the Dole theory. It is of interest that while the changes in conductivity,
observed behind the varipus boundaries, can be accounted for in terms of
the Dole theory, the pH changes were always found to be significantly
greater than those calculated and in qualitative agreement with those
expected from the above-described mechanism. Thus, it would appear that
at higher protein concentrations, although protein disappears across the
various moving boundaries, these may be considered as false boundaries
in the sense that they correspond neither to single stable protein com-
ponents nor to single components involved in a slowly adjusted equilibrium.
These false boundaries do not arise solely as a result of the establishment
of conductance and pH gradients in the electrophoresis cell, but are asso-
ciated with complexing of the protein with buffer constituents, in particular
with the undissociated buffer acid.

Phelps and Cann (142) have found further that introduction of amino
acids into the buffer system results in changes that could be interpreted
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as competitive binding of the ami__ acid to the same sites as the carboxylic
acid. The active form in this case is the acid form of the amino acid rather
than the zwitterion, and steric factors are important in its action.

Since the theory of the effect |of binding of neutral molecules on the
electrophoretic behavior of a protein has not been developed yet, a complete
understanding of these observations is not possible.

Observations, similar to those| described above, have been made by
Singer and Campbell (101), who have found that in glycine-HCI buffers of
pH 2.35 and 0.1 ionic strength, BSA, y-globulin, g-lactoglobulin, oval-
bumin, and conalbumin all give two peaks in both sides 6f the electro-
phoresis cell. Experiments were carried out on BSA by Dintzis, Timasheff,
and Singer (146a) in which the rapid peak was isolated from the rising side
of the Tiselius cell and the slow pegk from the ascending side. Subsequent
electrophoresis at the same conditions of the two isolated “‘components”
showed a picture identical with the original pattern no matter how rapidly
the sample was removed and rerun.| This observation is identical with those
of Cann and Phelps (141, 142) on BSA and ovalbumin at pH 4.0, who also
obtained patterns identical with the original material on rerunning samples
withdrawn from the Tiselius cell.

Recently, the problem of protein heterogeneity in the presence of amino
acids has been extended by Woods|(147), who examined BSA, ovalbumin,
lysozyme, bovine y-globulin, bovipe fibrinogen, a water-soluble gelatin,
and poly-L-lysine in various buffers between pH 1.5 and 3.0. In all cases,
Woods found that when the buffer contained an amino acid hydrochloride,
patterns similar to those observed by Singer and Campbell (101) were
obtained, while normal patterns were found in other buffers. Analysis of
this phenomenon led to the conclusion that the behavior of these boundaries

does not fit the requirements of a fa)
Woods (147) suggests that the pat
in terms of the moving boundary

se boundary of the Svensson type (26).

terns can be interpreted qualitatively

theory of weak electrolytes. It is of

interest, however, that, if it is assumed that the glycinium form of the

amino acid is bound to the protein
migrating species, it is again poss
behavior in terms of the boundary
of NaAc-HAc (Fig. 18). Indeed, the
ous boundaries in such a system a1
determined by Woods (147) in both

cell.

with the formation of a more rapidly

ible to account qualitatively for this
pattern used with BSA in the presence
> pH changes expected across the vari-
re in qualitative agreement with those

the rising and descending limbs of the

been observed on BSA by Schilling (94) in 0.1 ionic strength NaAc and

Nonenantiographic patterns sim%lar to those of Cann and Phelps, have

cadmium acetate buffers at pH 6.0.
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A very interesting finding is that of Schmid (148), who prepared a
serum albumin which gave normal patterns in acetate buffer at pH 4. After
treatment with cysteine and an ion exchanger, however, nonenantiographic
patterns, similar to those described above, were obtained. Schmid suggests
that cysteine removed a blocking agent from the protein (148), permitting
it to enter into the isomerization and acid-binding reactions described
above.

The question of the exact nature of the equilibrium mixtures observed
in the electrophoresis apparatys at low pH is still open. Recent experiments
by Cann (143) on the effect of protein concentration on the electrophoretic
patterns of BSA in 0.01 Ac™ 0.01 Cl- at pH 4.0 indicate that the effects,
observed by Aoki and Foster ( 34-139) and by Cann and Phelps (140-143),
are different. It was found that the slow boundary, observed by Cann and
Phelps, arises gradually as th protein concentration is increased from 0.2
t0 1%. As shown in Fig. 19, at 0.29, only the two components studied by
Aoki and Foster are present, while at 1%, the pattern becomes much more
complex. Thus, in the present state of knowledge, one might make the
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T1g. 19. Electrophoretic patterns shown by BSA at various protein concentrations
in 0.01 M NaAc, 0.05 M HAc, — 0.01 M NaCl, pH 4.0. Boundary velocities (108 X u)
are shown above or beside corresponding peaks (143).
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tentative conclusion that in the pH region close to 4, two distinct phe-
homena occur in BSA; one is a transformation of the protein, best observ-
able at low concentration, the other fis binding of buffer acid, which leads
to complex electrophoretic patterns.

The interpretation of the electrophoretic data might be somewhat easier
if more information were available on the pH and conductivity changes
across the boundaries in the various systems studied. It seems probable,
however, that the observed electro oretic behavior of proteins in acid
pH’s is the result of the cooperative influence of true heterogeneity, isomeri-
zation, and the binding of ions and small molecules. Thus, a great deal of
work remains to be done before t s question is fully elucidated. The
mechanisms presented above can serve as possible hypotheses that might
account for the observations. In no case should they be considered as final
interpretations of the data. -

F. Protein

While the theories of various types of reactions that can oceur in
proteins are far from completely developed, a great deal of progress has
been made in the understanding of patterns found in reacting systems. Only
a few reaction cases are known where he pattern is enantiographic. These
are the protein-detergent systems (96, 97, 100), the antigen-antibody
system (101-105), the trypsin-ovomueoid interaction (111, 112) and the
BSA study in acid pH at low concentrsa: ions (134, 135, 138, 139). In some of
these cases the boundaries may be interpreted as representing single species
of protein or complex, and their areas nd mobilities can be considered as
a first approximation to correspond to those of discrete components. In
most cases, however, the patterns are ongly nonenantiographic and great
care has to be exerted in their proper interpretation. A great deal more of
theoretical work is necessary, however, especially on the effects of salt, pH,
and density gradients on the reaction boundaries, and on the binding of
neutral molecules to proteins, as well ag on the moving boundary theory of
weak electrolytes, before a complete| understanding of electrophoretic
systems in equilibrium can be reached.

As a further word of caution on tHe interpretation of electrophoretic
patterns obtained in interacting systems, it must be pointed out that many
of the proteins, which are considered to be ‘“pure,” have been found
recently to be resolvable into several ¢ mponents by various techniques,
such as chromatography. As an example, it is sufficient to cite the work of
Tiselius and associates, who separated BSA into three distinct components
(149). Since various components of a “pure” protein may exhibit different
behavior in interactions and isomeriza ions, the actual systems may be
much more complicated than is realized at present. One can cite as ex-

teractions



amples the electrophoretic difference at pH 4.0 between BSA as prepared
by Schmid and standard BSA| preparations, as well as the difference in
association properties of B-lactoglobulins A and B.

V. MODIFICATION OF PROTEINS

Electrophoresis can be useful, also, in the detection and characterization
of permanent changes in protein molecules. These can be of various
natures. They may be the result of chemical or enzymatic treatment, of
changes in the physical environment, or of storage under even mild con-
ditions. In some cases, chemical modifications have been applied very
successfully in obtaining an insight into the mechanism of the biological
activity of a protein.

A. Chemical Changes

A typical example of small chemical changes induced by enzymatic
action that has been studied in |detail electrophoretically is the ovalbumin-
plakalbumin system (42—49). Here, as shown in Section I1I, A, a combina-
tion of chemical and electrophoretic analyses led to an understanding of
the system. Another important case that has been discussed above is
Singer’s work on the antigen-antibody system (106) in which chemical
blocking of particular groups with subsequent electrophoretic analysis led
to the identification of an e-amino group as being essential for the formation
of the Ag-Ab bond (Section IV, B). In the case of enzymes, reaction of
trypsin with DFP led to a change in its heterogeneity pattern as well as
its capacity to bind a specific inhibitor (60, 112), while acetylation resulted
in a similar change in the electrophoretic heterogeneity pattern (62), which
in normal trypsin is contingent on the binding of some specific ions; in the
last case, however, there is no loss of the ovomucoid binding capacity, nor of
enzymatic activity (Section ITI) A). A few other types of studies that have
been carried out will be mentioned briefly, while no attempt will be made
to cover the subject completely.

Dreyer and Neurath (150) and Pechére and Neurath (151) have used
Tiselius electrophoresis in very |elegant studies on the rates of activation
of chymotrypsinogen and trypsinogen, respectively.

In Fig. 20 are given electrophoretic patterns of the chymotrypsinogen-
chymotrypsin transformation system (150). The electrophoretic pattern
of chymotrypsinogen indicated that protein to be at least 979, homogene-
ous. During the activation, as can be seen on Fig. 20, the boundary corre-
sponding to chymotrypsinogen was gradually replaced by components of
decreasing mobility identified as n- and é-chymotrypsin. At intermediate
times of activation, the m-enzyme predominates, while at the end of 90
minutes of activation, at least 909, of the protein had a mobility charac-
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ACTIVATION TIME ELECTROPHORES!S
TIME
3.3 min. n— 1300 min,
6.0 min. h 1262 min.
20 min. A_A 1389 min,
55  min. J 1017 min.
.90 min. _L

CHTG. -

Fia. 20. Ascending electrophoretic pat
tion mixtures. Acetate buffer, pH, 4.97, T/
mobilities are: chymotrypsinogen, 3.8 X 1
trypsin, 3.25 X 10~ cm?-volt—-sec.! (150

teristic of 8-chymotrypsin. In this |
kinetics of formation and disappear
take part in this transformation.

A similar study was carried ou
(151). In this case, a complication &
had to be inhibited as it was forme
out in the presence of soybean tryps
for the contribution of the inhibitg
patterns, Pechére and Neurath were

formation of trypsin which agreed qt

activity measurements.
Free electrophoresis has been use
action of proteins with detergents.

(Section IV, A) and reviewed thorq

1723 min,
5= .

terns of chymotrypsinogen (CHTG.) activa-
2, 0.1; 5.8 volts per centimeter. The ascending

07%; x-chymotrypsin, 3.65 X 10-5; é-chymo-
).

manner, it was possible to follow the
ance of the various components which

t on the trypsinogen-trypsin system
arose due to the fact that the trypsin
1. Therefore, the research was carried
n inhibitor. After accounting properly
r to the area on the electrophoretic
able to obtain a curve for the rate of
nantitatively with data obtained from

d extensively in the study of the inter-
These have been mentioned above
pughly by Putnam (98). In all cases

studied, the protein was altered to

ome extent. An interesting example

is the work of McMeekin and co-workers (152), who isolated a crystalline
complex of -lactoglobulin with dodec¢yl sulfate, containing two equivalents
of detergent per molecule of S-lactoglobulin (mol. wt. 35,000). Electro-
phoretic data in pH 4.8 acetate buffer of 0.1 ionic strength resulted in a
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single slightly skewed peak

0.1 ionic strength the mobil
of the native protein. In th
binding capacity of the comj
native protein. At pH’s clos
the same. The observation
detergent has a strong effe
Fig. 14).

Recently, Foster and .Ad
bovine serum albumin wit}
data in terms of the pror
Section IV, E) (134-139). It
effect in displacing the equil
the electrophoretic compos
fitted most accurately by a;
binding sites of intrinsic
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of reduced mobility, while in pH 8.4 barbital of
ty of the complex was more negative than that
at pH region, titration data showed the acid-
blex to be two equivalents lower than that of the
e to 4, the titration curves were approximately
would seem to indicate that binding of the
ct on the association reaction at pH 4.8 (see

ki (139) have reinvestigated the interaction of
h sodium dodecyl sulfate and interpreted the
rosed N-F isomerization of this protein (see
was found that the detergent has a pronounced
librium toward the N form. The dependence of
tion on detergent ion concentration could be
ssuming that the N form possessed ten strong
issociation constant 2.7 X 10~4 It should be

noted that in this interpretation the electrophoretic boundaries are con-
sidered to be due to the presence of two forms of the protein rather than
to protein and complex; as was found to be the case in earlier studies
(98, 100).

Other typical chemical
in previous sections (III and IV). In general, it is found that, outside of a
change in mobility, chemical modification of proteins has little effect on
their electrophoretic properties. A discussion of this is available (153).

B. Denaturation

Another type of transformation which occurs in proteins is that gen-
erally described as denaturation. This covers a broad spectrum of changes
which vary in nature over |a wide range but usually do not involve the
breaking of protein covalent bonds: In general, the information revealed by
Tiselius electrophoresis on [denatured proteins is not very extensive and
usually amounts to changes in mobility and the occasional formation of
new moving boundaries. A review of this subject is available (154).

An interesting recent application of electrophoresis to the problem of
denaturation can be found |in the work of Tsiperovich and Loseva (155)

who have studied the dena
From the results, shown in
bumin is denatured in the

uration of ovalbumin in the presence of urea.
ig. 21, the authors concluded that when oval-
esence of urea, the process is of an all-or-none

type, since as denaturation| progresses, the area under the native protein
boundaries decreases gradually, while a new boundary attributed to de-
natured protéin increases at the same time. From the data of Tsiperovich
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Fig. 21. Electrophoretic diagrams showing progress of ovalbumin denaturation in
urea (159). Protein concentration: 2.33%; pH 7.2, 0.05 M phosphate buffer; urea con-
centration: 400 mg/ml; 180 minutes at 2.5 volts/cm. A, native ovalbumin; B, 309,
denatured ovalbumin; C, 47.99, denatured ov. lbumin; D, 95-1009, denatured oval-
bumin. .

and Loseva it would seem also that the 4, component is denatured more
rapidly than the A, component, since the relative area under its peak
decreases at a faster rate. _

Briggs and Hull (156) have studied |the kinetics of denaturation of
B-lactoglobulin by Tiselius electrophoresis in a pH 6.9 phosphate buffer
of 0.1 ionic strength. By following the hange in component areas with
time, they were able to conclude that at pH 7 two distinct processes occur
in the denaturation of that protein. The first process,-which is initiated at
temperatures above 65°C., is accompanied by a fourfold increase in particle
weight, but little change in electrophoreti properties. The second process,
which can take place only after the first ong has occurred, .proceeds at lower
temperatures and is accompanied by a marked increase in electrophoretic
mobility and a large increase in particle eight.

Another important related application of electrophoresis is the study
of gross composition changes in biological systems on exposure to various
conditions. In some cases, rather profound changes in electrophoretic com-
position may occur even on exposure to mild conditions. In general,
permanent changes in proteins under a variety of conditions have been
observed by electrophoresis in a large number of systems. A few typical
cases might be cited as examples. Longsworth (9) have found that oval-
bumin undergoes a transformation on exposure to acid pH’s with the
formation of a new electrophoretic component. The denaturation of serum
proteins on exposure to pH’s below 4.0 has been studied electrophoretically
by Perlmann and Kaufman (157) with the finding that a new component
with a mobility intermediate between those| of as- and B-globulins is formed.
A single peak results from the denaturation of serum proteins with ultra-
violet irradiation (158). This has been atttibuted to the unwinding of the
coiled molecules. Tsiperovich and Loseva (159) have reported on the forma-
tion of a “stabilized form,” with a higher electrophoretic mobility, of
ovalbumin upon treatment with urea at pH|7.0. These are far from exhaust-
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ing the vast literature which exists on similar electrophoretic transforma-

tions, but a complete coverage
this chapter.
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